Exploration of deeper oceans for oil and gas requires increasingly lightweight solutions. A key enabler in this aspect is the use of fiber-reinforced composite materials to replace metals in risers. However, design synthesis and analyses of composite risers are more challenging than for conventional metals due to the complex behavior and damage mechanisms which composite materials exhibit. Composite risers are predicted to be a high-impact technology that will be mainstream in the medium term but there is still relatively little literature pertaining directly to the behavior of these materials under the complex loading scenarios arising from their use in deep water structures. Therefore there is a need to perform a review and assessment of the available technologies and methodologies in the literature to gain a good understanding of their predictive capabilities, efficiency and drawbacks. This article provides a comprehensive review of published research on manufacture, experimental investigations and numerical analyses of composite risers in deepwater conditions determining the gaps and key challenges for the future to increase their application.
Introduction
Fiber reinforced polymer composites are increasingly being used in the marine and offshore industries. This is especially the case for pipelines/risers, stress joints and fluid handling since composites offer many important advantages over metals due to their high specific strength and stiffness, good durability, low thermal conductivity and good corrosion resistance Salama et al., 2002; Smith and Leveque, 2005; Suresh et al., 2004; Tamarelle and Sparks, 1987) . The current trend for the offshore industry is towards deeper applications; there were 44 fields over 500 m depth in and 200 in 2007 (Quest Offshore, 2011 . The production of oil from deep waters is expected to increase from 2.5 million barrels per day in 2004 to 8.25 million barrels in 2015 (Lloyd's Register, 2013) .
During this production process the oil must be transported from the well-bore at the seabed to the connecting rig on the surface and this is generally performed through tubes called risers. These risers are long and relatively thin, with predicted depths of 4 km and typical diameters of 100 -300 mm . Risers are also used for drilling which transfer mud to the surface or for production which transport hydrocarbons, control fluids or gas. Depending on the operating depth range, different riser configurations are used. Fig. 1 schematically shows different riser/platform configurations together with a range of operating depths. For some riser applications, such as the Tension Leg platform, a problem is that the required top tension escalates considerably with increasing length of the risers.
A number of studies have demonstrated the potential for fiber reinforced polymer (FRP) composites in deep-water risers at water depths more than 1500 m , (Beyle et al., 1997) . According to Tarnopol'skii et al. (Tarnopol'skii et al., 1999) , thermoplastic composite risers (TPCR) offer good solutions to current limited technologies in Top Tensioned Risers (TTRs) and Steel Catenary Risers (SCRs). Both the metal TTRs and SCRs are generally not able to support their own weights at water depths higher than 1500 m and the costs for these buoyancy and compensation systems may further increase with water depth. Ochoa and Salama (Ochoa and Salama, 2005) acknowledged the potential application of composite risers to extend this capability to a depth of 3000 m with Tarnopol'skii et al. showing a calculation for steel and composite riser design showing that conventional steel risers would be 90,000 tonnes compared to a similar composite riser which would be approximately 20,000 tonnes. Ward et al. compared the performance of steel and CFRP composite production risers operating in the Gulf of Mexico. The risers have an approximate length of 1800 m, an outer diameter of 0.3 m and a wall thickness of 0.25 m. The top tension required for the composite riser was reported by Ward et al. (Ward et al., 2007) 2.7 times less than for the steel using load cases of normal shut-in with 1-year winter storm and 100-year hurricane. Furthermore, the size of the tensioner joint and tapered stress joint needed at the top and bottom of the composite riser system are considerably smaller than the all steel system. Ward et al. also reported risk analyses, in terms of the failure modes and hazard, of the steel and composite risers. It was shown that composite risers offer better resistance against many failure modes over steel including burst, collapse, axial yielding of liner, leakage and crack through the liner and the composite tube. However, there are some issues with composites in deep water conditions. Tan et al. concluded that composite risers are more vulnerable to vortex-induced-vibrations (VIV) than steel configurations and therefore fatigue damage for the composite yielded 25.5% higher root mean square (RMS) strains. It is suggested that some of these effects could be negated by increasing the fiber-winding angle increasing the load bearing properties and raising eigenfrequencies, mitigating the VIV. These affects are increased by the degradation of the material properties due to water. Rege and Lakkad (Rege and Lakkad, 1983) showed the effects of salt water on glass and carbon fibre materials where the results show that there is a reduction in strength related to the percentage of weight gained, the flexural strength is more severely degraded than other properties. The strength values decrease is related to temperature where an increase leads to greater deterioration, which could be problematic for deeper reservoirs. Siriruk and Penumadu (Siriruk and Penumadu, 2014) studied the effect of sea condition on cyclic fatigue showing that there was a degradation in fatigue, compared to testing of dry laminates in air, of 30% for wet laminate tested in air which compared to 71% for dry laminates immersed in water and 84% for wet laminates immersed in water. This shows a dramatic reduction in the fatigue life of the composite. The results obtained for water confined samples with exposed edges, may overstate the case for marine structures since in many cases only one face will be exposed to sea water and these results show that dry laminated with one side immersed lost 42% of their cyclic life and wet one side immersed lost 47%. looked at the distribution of tension along a composite riser showing that this was relatively constant and that therefore failures will be more scattered than for steel. They found that the addition of buoys along the riser causes kinks in the tension distribution and advised that long continuous buoys should be added along the bottomhalf of the riser, instead of shorter buoys with gaps. The longer buoys reduce high bending strains at the buoy edges and longer modules are also better at reducing the effects of VIV. Chen et al. performed a further study into the effects of VIV in composite risers and showed that the high stiffness of the liner reduces the overall performance of the riser as the high strength of the composite can't be fully utilized. The composite risers require lower top-tension and less or even no buoyancy leads to a significant reduction in the weight hanging from the platform deck, this is economically beneficial which increase with increasing length. Tan et al. performed an analysis of coupled fluid-structure simulations against full scale experiments of 1500 m steel and composite risers. The results show a close correlation and goes on to compare aluminium, steel and titanium liners showing this is the weakest link for composite riser design. The titanium liner riser yielded 20% lower RMS strains than the aluminum liner riser and 10% lower RMS stress than the steel liner riser concluding that titanium alloys are a better choice than steel due to their density, wear and corrosion resistance.
Composite risers can be classified into two main types: bonded where there is binding between the riser's layers, and un-bonded where riser's components are able to move relative to each other, shown in Fig. 2 . Bonded risers often include a core fiberreinforced angle ply laminate sandwiched between a metallic/elastomeric inner liner and an outer liner made of thermoplastic or thermoset materials or metal alloys where the primary role of the liners is to prevent weeping and leakage of the pressurized media as composite materials are porous . Unbonded flexible risers often comprise an inner steel carcass layer, to prevent buckling and collapse of the riser; steel pressure armor layers, to prevent corrosion from inner fluids; anti-wear homogeneous layers; helically wound tensile armors, to provide axial and bending stiffnesses for the riser, and an outer polymeric layer for external protection (American Petroleum Institute, 2008) . One of the first examples of composite risers was for a tension leg platform (Sparks, 1986; Sparks et al., 1998) . The risers had an external diameter of about 230 mm, a joint length of 15 m and were made of hybrid ±20 0 carbon and 90 0 glass composites and can sustain a fatigue life 3 times longer than a steel riser. Other early uses of composites include the development of production (Baldwin et al., 1998; Baldwin et al., 1997) and drilling risers (Andersen et al., 1998a; Andersen et al., 1998b) for deepwater. An example specification of a typical composite riser by Kim (Kim, 2007) is presented in Table 1 . The first application of composite risers in the Norwegian North Sea more than 10 years ago . Salama et al. (Salama et al., 2002) reported a composite riser joint installation in the Heidrun tension leg platform (TLP), which experienced severe loading and operating conditions together with strict regulatory requirements. The qualification program of the Heirdun TLP composite risers included impact, burst pressure and bending fatigue tests on full-scale composite specimens. The composite riser joint was certified by DNV, which participated in the verification and proof testing of the field joint prior to the installation. The offshore field demonstration established a feasible installation process together with an in-service inspection strategy. Despite the high cost of composite risers and riser joints, Salama et al. confirmed that composite risers impact the life cycle economics by improving payload capacity, increasing water depth capability, improving overall system safety and reliability, and reducing maintenance costs. In a more recent effort, Miyazaki et al. (Miyazaki et al.) reported the development of a 4000 m CFRP drilling riser for deep sea drilling vessels. Their research confirmed, via testing of small-scale riser models, the performance of the CFRP risers in the deep-water environment. However, the full implementation of the composite riser requires further enhancement of the connection between the steel flange and the composite pipe, as well as validations of its performance under fatigue and torque loadings. A number of companies have already invested in the development of composite risers around the world, including Conoco, Petrabras, Shell and Statoil. .
Composites demonstrate great potential for deep-sea operations. A recent assessment of industry trends and drivers (Bowden et al., 2014) lists composite risers as a high-impact technology that will be mainstream in the medium term, 2020. However, composites have not been used to their full potential within riser applications. There are examples such as the large safety factors, in the order of 15-50, were recommended by some design standards such as DNV-RP-F202 (Det Norske Veritas, 2009), reflecting the lack of reliable life prediction and lack of rationale and standardization in experiments and modelling. Thus there is a need to advance the understanding on the subject and reduce error and uncertainty margins underpinning safety factors. There has been no recent review of the literature to consolidate this knowledge despite earlier attempts to consolidate an understanding of the behaviour and problems related to composite riser design (Ochoa and Salama, 2005) . Therefore the current paper reviews existing work in designing, testing and modelling composite materials at the component and structural levels, summarizes the current state of the art research and identifies key challenges for the future.
Design loads for composite riser
Summerscales (Summerscales, 2014) described riser environments as "being for long periods of time, often greater than 20 years, with a minimal amount of maintenance under high hydrostatic loads and high thermal gradients". Guesnon et al. ) expanded on these difficulties for ultra-deep water drilling to include water depth, mud weight, auxiliary line diameters and working pressures, sea states and current profiles and maximum rig offset.
The loading scenario is complex as different loads are created by the currents and surface waves, the pressures due to the change in depth and the interaction of the risers with other systems or risers. DNV-OS-F201 (Det Norske Veritas, 2010b) classifies the loads acting on risers under deepwater environments as pressure loads, functional loads, environmental loads and accidental loads, examples of which are given in Table 2 . More specifically the design criteria for risers should consider hydrostatic collapse due to buckling load, mechanical collapse under tension, compression, torsion, ovalization, the squashing of the circular risers into an oval shape, and service life factors given in DNV-OSS-302 (Det Norske Veritas, 2010a). Each of these loads must be treated differently and there are a number of methods to model each. This review focuses on riser structures and materials aspects but a summary of the environment and loads are included as an integral background to these models.
Risers are subject to pressure loads such as external hydrostatic pressure, internal fluid pressure, both static and dynamic, and the pressure caused by the depth at which the risers operate.
The functional loads include the applied top-tension of risers during the installation or construction, thermal loads due to thermal differences between the sea water and riser structure, or the weight of internal fluid, riser, casings, coatings or buoyancy modules.
Environmental loads are mostly due to the different currents and surface waves. As an example for a riser, Larsen (Larsen, 1992) predicts the currents to be in the region of 1 m/s with a wave height of 15 m and a wave period of 12 s. Some estimated values for the loads and utilization factors of a riser with an internal diameter of 150 mm at high depth of ~3000 m are given by Hill et al. (Hill et al., 2006) and reproduced in Table 3 . For more details, Patel and Seyed (Patel and Seyed, 1995) provide a review on the modeling and analysis techniques available to make a hydrodynamic assessment of flexible risers giving a good basis for static and dynamic analysis, internal and external pressure effects and includes information on fluid flows.
For many applications, calculations of the hydrodynamic loads typically use Morrison's equation, outlined in (Morison et al., 1950) and . This approach incorporates the drag force due to the relative fluid velocity, the inertia force due to the structural acceleration and the inertia force due to the wave acceleration, albeit that the viscous effects are not accounted for. The fluid velocity and acceleration are specified to estimate fluid drag and inertia loads and the pressure field fluctuation is used to calculate the buoyancy load. However, these equations cannot account for some of the more complex fluid phenomena such as vortex induced vibrations. As the fluid flows pass the body, they can separate creating a pattern of vortices changing the pressure distribution along the body surface. These periodical irregularities of the flow can create vortex induced vibrations with motions in the region of 0.6 diameters (He and Low, 2012) . These flows are difficult to predict and when the riser is flexible these can result in complex fluid-structure interactions. The longer and more slender the structure is, the more important such interactions become. The vortex-induced vibrations (VIV) are predominant in fatigue of riser structures as investigated by Gao et al. (Gao et al., 2011) and the American Bureau of Shipping (ABS) design guide (ABS, 2006) recommends explicit VIV fatigue analysis to mitigate vibration. He and Low (He and Low, 2012) highlighted the importance of vortex-induced vibrations and wake-induced oscillations for predicting the behavior of multiple risers due to clashing. This is an area of much current interest with improvements to the methodologies being presented by many authors including Modarres-Sadeghi et al. (Modarres-Sadeghi et al., 2011) and Dahl et al. (Dahl et al., 2007) .
Different from the afore-mentioned loads, accidental loads, such as dropped objects, trawl board impacts or unintended flooding, are defined by a risk analysis and should be assessed with regards to a target failure probability. This ensures that the annual probability of these accidents occurring is less often than a predetermined value, usually in the region of 10 -3 to 10 -5 . This is done by estimation of the load effects on the riser design and structure to ensure that the overall failure probability is less than the target failure probability. Standard practices such as DNV-OS-F201 (Det Norske Veritas, 2010b) assume an annual failure probability of 10 -4 for accidental loads on risers with a safety factor of 1.
Overall, risers are subjected to variable and uncertain loads owing to the harsh environment in which they function. Large wave and current loads can be exacerbated by vortex-induced vibrations and wave-induced oscillations significantly contributing to damage and failure of risers. Structural calculation methods must be capable of dealing with these loading scenarios, and more importantly, the complex interactions that result. Many current analysis methods use simplified loading scenarios to estimate these loads and more complex scenarios must be investigated to see the long terms effects of these additional loads.
Manufacture
Fiber reinforced polymer composite risers have higher initial material and manufacturing costs than conventional metals but the maintenance costs are lower (Fowler et al., 1998) and there are predictions of a 37% reduction in overall installation costs (Ochoa and Salama, 2005) .
Design and manufacture of composite risers can be mainly considered at the composite riser body, the metal end fittings where multiple risers are joined together and the metal-to-composite interface (MCI). DNV-OSS-302 (Det Norske Veritas, 2010a) provides detailed design criteria for bonded FRP risers in terms of design parameters. The key parameters for bonded risers are the strains of the elastomer layers and the stresses of the reinforcement layers, the liners and the connection mechanisms by the MCI design. The manufacture section of risers can therefore be discussed through two main aspects: the riser body and the MCI and end fittings.
Composite riser body
Composite risers are often manufactured with short segments, called riser joints, fabricated first which are connected together to form a long riser. Composite riser joints are manufactured with a laminated pipe body and metal end fittings with circumferential grooves at riser terminations. Pultrusion and filament winding methods are the two main methods to produce FRP composite tubes with constant and tubular cross-sections. The pultrusion method is capable of producing long FRP tubes with small diameters but may not be preferred for fabrication of risers as relatively large diameters are often employed. On the other hand, filament winding is able to make large diameter composite tube though it is restricted to a few-meter length due to the limitation of the mandrel length. This requires that many sections must be joined together to create a suitable length by filament winding. Furthermore, this process is labour intensive increasing the cost and reducing the take up of the material. Nevertheless, wet filament winding is the most popular technique for manufacturing of composite risers (Ochoa, 2006; Pierce, 1987; Salama and Spencer, 2010; Thomas, 2004) .
Cocks (Cocks, 1982) patented a method for manufacture of a steel reinforced pipe based on the filament winding. The pipe includes: an inner liner made of wound layers of resin-impregnated glass fibers, a middle structural section made of at least three layers of steel strips of 0.25 mm -0.75 mm thickness and 100 mm -200 mm width which are helically wound about the longitudinal axis of the pipe, axially spaced about 3 mm and radially spaced smaller than 0.25 mm from one another; and an outer liner of successive woven glass fiber layers. Such a steel reinforced pipe structure can achieve much higher strength to weight ratio than traditional steel pipes and provide a weight saving of 50 percent of a steel pipe with the same size.
Williams (Williams, 1994) later discovered a composite laminated tubing for marine production risers which is suitable for high temperature change under the sea environment. The pipe comprises multiple FRP composite layers with at least one layer oriented in the longitudinal direction of the pipe and has a low thermal coefficient of expansion and a Poisson ratio from 0.4 -0.6. Such a pipe is highly desirable for use in the environment where small change in pipe's length due to high temperature and pressure variation is expected.
The steps for manufacturing a composite production riser by filament winding were given by Thomas (Thomas, 2004) . The first manufacturing step is often to machine the trap-lock MCI which consists of multiple grooves to trap a series of composite layers (Ochoa, 2006; Salama and Spencer, 2010; Thomas, 2004) and installing them on a mandrel. An elastomer layer such as the uncured hydrogen resistant rubber (HNBR) is then wrapped on the mandrel and the MCI to produce an inner liner of the riser. Next, helically wound glass/carbon fibers impregnated with epoxy resin are placed over the HNBR and secured by the trap locking mechanisms of the MCI. Additional circumferential impregnated-fiber layers can be wound to the assembly to provide hoop strengths for the pipe. Subsequently, the mandrel is removed from the assembly and heat is applied to compact all of the layers. After the curing, another layer of HNBR and impregnated fiber may be added and heated again to provide external protection of the assembly against abrasion and external pressure. In this application, the use of HNBR layers allows small relative motions between the metal liner and composite layers; thus helping accommodate for differences in CTE of these layers helping to reduce stress induced microcracks. Recent research efforts (Ramirez and Engelhardt, 2009 ) have confirmed the performance of the large-scale composite riser tubes under high external pressures. The world's first composite riser installed for the Heidrun platform has used the filament wound technology in the fabrication of the risers (Spencer, 2002) . Spencer (Spencer, 2002) summarized the manufacturing process, testing and field use of this composite riser project.
For future developments in composite riser manufacture, Salama et al. (Salama and Spencer, 2010) recently invented a method of manufacturing a composite riser section and MCI through filament winding and a horizontal liner assembly, as depicted in Fig. 3 . The proposed liner assembly is held in a horizontal position by two supports without inserting a mandrel and rotated about its longitudinal axis by a number of rollers. As described by Salama and Spencer (Salama and Spencer, 2010) , composite risers can be constructed with a thin tubular titanium or steel liner which is secured to a connector assembly. Both the metal liner and connector assembly are covered by an elastomer shear ply. A number of helical windings of composite fibers are then placed to form a composite riser section in which at least one winding layer of resin impregnated fibers is oriented at an angle perpendicular to the longitudinal axis of the liner assembly. This composite section is heated to cure the shear ply and composite plies. After this step, external elastomer jackets can be applied and additional composite layers can be wound to secure the jacket and supply external resistance to the composite section. It was claimed that the composite section manufactured with the aforementioned liner assembly will offer excellent strength weight characteristics and durability in comparison with steel risers. Bailey and Miller (Bailey and Miller, 2011) have developed a method to manufacture very long large diameter pipes. This method utilizes a number of pultruded segments which are joined side-by-side rather than end-to-end. Each pultruded segment therefore has a length equal to the length of the desired pipe with as many sections as required for the diameter of the pipe. This reduces the number of joints, and the associated cost while making it easy to transport. Anderson and Altan (Anderson and Altan, 2012) have proposed a method for bladder assisted composite manufacture. This method was reported to be a cost effective method for production of medium to large structural composite components and can be considered as a viable alternative to filament winding, pultrusion, or autoclave curing. The process is similar to flexible bladder molding but the heating source is moved inside the uncured layup. This leads to accurate control of the temperature but also reduces energy requirements by 50% for cylinders than the traditional bladder approach. Another potential method for composite riser manufacture is pull-winding, a process which is a combination of filament winding and pultrusion. Filament winding is the cheapest method and the easiest to manufacture but can lead to asymmetric layups. Pull braiding is the most expensive process and also the most difficult from manufacturer point of view. Pull-winding is between these two processes providing a compromise between quality and cost (Guz et al., 2015) .In the pull winding process, the 0° oriented material is either fed into the process as a prefabricated rod or fed into the assembly as a pre-preg tape or wet layout. Cross-ply material is then wound onto the tube and the assembly is pulled through a die for integral curing. The pultrusion process may utilize material which is prepared by weaving or braiding the fibers. Woven or braided material can be prepared as feed stock or can be fabricated online as a part of the pultrusion operation (Williams and Sas-Jaworsky, 1999) . There were also a number of manufacture methods for spoolable pipes at Deepflex documented in a number of patents: Kalman et al. (Kalman et al., 2013) , Chen , and Bryant (Bryant, 2006 ) covering a manufacturing method for an armour layer of a spoolable pipe, a method for flexible pipe structures with a T-shaped cross section and a method of securing the inner polymeric core to the first layer of reinforcement for internal fluid pressure resistance. These methods help provide spoolable pipe with increased collapse resistance and enhanced compressive strength.
Metal to composite interface and end fitting
The MCI is mainly used to provide a strong interface/connection between the composite pipe body and the metallic end fittings at pipe's terminations thus may help effectively transfer loads between the pipes. Efficient designs of the MCI are important since their length and mass may significantly affect the weight-effective use of composite risers and failure often occurs at this point during operation.
Roberts and Hatton (Roberts and Hatton, 2013) addressed the importance and design challenges of metallic end fittings at termination of composite pipes. Efficient designs of end fitting are essential to ensure good load transferring between composite and metallic materials as well as to avoid potential failures at the interfaces. Roberts and Hatton (Roberts and Hatton, 2013) presented various arrangement designs for the end fitting of composite risers, as shown in Fig. 4 , including the trap-lock end fitting, swaged end fitting, metallic liner end fitting and Magma end fitting. The trap lock end fitting (Fig. 4a) has been the most popular design allowing load transfer between composite and metal components. Another design is the swaged end fitting, shown in Fig. 4b , where metallic inner and outer sleeves are used to sandwich the composite pipe. The inner sleeve fits with the composite bore whilst the outer sleeve is swaged to get an interference fit with the composite pipe. Load transfer is achieved through friction and mechanical interferences. However, there are possibly high stress concentrations and potential damage at the interfaces between the outer sleeve and composite material and at the region where the inner mandrel is inserted. Thus, this design may be suitable only for composite pipes with small diameters. Another design is the metal liner end fitting shown in Fig 4c which is often used in hybrid composite tubes (Cederberg, 2011; Guesnon and Schaeffner, 2002) . By this design, the metal liner is directly welded with the end fitting and composite materials are wound over the metal liner. A rubber layer also needs to be applied before winding the composite materials. This design enables the axial load to be handled separately by the metal liner whereas the hoop load is carried by the composite material. It is observed that a long metal liner is required for this configuration reducing the weight saved by using the composite pipes. Recently, Magma has developed another end fitting design, shown in Fig. 4d for a new monolithic structure from bore to surface riser, with high strength carbon fiber and PEEK thermoplastic polymer (Damon, 2011; Magma, 2012; Stephen, 2011) . As highlighted by Roberts and Hatton (Roberts and Hatton, 2013) , this design allows the thickness at the pipe end to be built up and it is possible to replace of the end fitting, increasing the strength to that of the pipe. Two thickening stages for the composite pipe are suggested to increase the local strength of the pipe at the interface between the pipe and steel outer collar. Sealing between the composite pipe and metal fitting is provided by the use of a preloaded bore seal which can be made of stainless steel or PEEK. It is found that the Magma end fitting design is able to provide good structural interface and increase fatigue performance for both the end fitting and the composite pipe (Roberts and Hatton, 2013) .
While there is a large body of research covering analyses of composite tube under different load applications, studies on the MCI still remain limited. Cederberg (Cederberg, 2011) presented both experimental and numerical analyses of a composite riser joint including the MCI for a pre-stressing step by autofrettage and a factory acceptance test (FAT). Composite and steel components were modelled using a general purpose FE code and their interaction was defined by a surface contact. The FE model of the riser joint is shown in Fig. 5 . Tension and pressures following the autofrettage and FAT were applied through five steps: 1) pulling the steel pipe in the axial direction; 2) applying internal pressure at a level greater than its yielding strength; 3) removing the internal pressure; 4) re-applying the pressure at a lower level and 5) releasing the pressure. The stress (ksi) -strain responses of both the steel pipe (X80) and CFRP tube for each step are plotted in Fig. 6 . The material responses during the autofrettage and FAT show a high hoop stress and relatively lower axial stress predicted for the composite layers. At the end of the autofrettage step, an interference fit between the steel and composite components is obtained, leaving the composite tube in tension and the pipe in compression. Compressive hoop stress of the steel pipe is shown in Fig. 7 . For the composite tube, high fiber stress in each layer is predicted within the constant crosssection region of the composite body and the stress decreases towards the MCI end (Fig.  8 ).
Summary
Disadvantages on manufacturing techniques such as filament winding or pultrusion form an inhibitor to composite riser construction while keeping the initial production costs relatively high. More difficulties are imposed when there is a lack of infrastructure for mass production of large-diameter and long tubular pipes required for deepwater risers. Filament winding has so far been shown to be one of the most popular fabrication methods for the composite material. Whilst this process has been proven to be beneficial for short-length risers in the future, as manufacture moves towards increased lengths, this might not be the case. This technique will need to be combined with drawing of the tubular shape such as in the pultrusion process though current pultrusion techniques are incapable of the diameters required for offshore applications. A number of new manufacturing processes have emerged such as additive manufacturing providing added benefits in producing long pipes over the current filament winding processes. However, for their introduction surpassing the technical barriers will not be enough. There must be a culture shift to embrace new technologies which will need to be balanced with proof that new techniques ensure a reliable and economic alternative. At the ends of the riser, end fittings with sealing mechanisms are needed to connect different pipe segments to form a long riser. The elastomer liners that are used can easily fail and are therefore not preferred for production and drilling risers. Various types of end fitting designs are discussed in Roberts and Hatton (Roberts and Hatton, 2013 ) allowing more flexible choices of pipe designs and MCI configurations for the connection between the composite body and metal end fitting. Efficient designs for end fitting are crucial for minimizing the damages at the composite/metal interfaces as well as guarantee good load transferring between the composite pipe and metal components. Apart from these end fitting design, an effective choice of composite material candidates such as the high performance Carbon PEEK composite (Damon, 2011; Magma, 2012; Roberts and Hatton, 2013; Stephen, 2011) is also seen to improve the performance of the pipe.
Experimental testing on composite risers
Over the past decades, numerous experimental programs have been performed to examine the mechanical performance of composite risers under static and fatigue tests to ensure their applicability in the deep-water environment. The testing programs can be grouped into those performed at the material, small-scale structural and full-scale riser levels. While most of the tests are done at the coupon level and some can be found on the small-length risers, existing studies on the large scale risers are still limited.
Small-scale material and structural testing
Ochoa and Ross (Ochoa and Ross, 1998) and Grant and Bradley (Grant and Bradley, 1995) examined the degradation of glass-epoxy and graphite-epoxy composite tubes due to different seawater levels and obtained a good correlation between the analysis and experimental data for flexural response of the composite tubes. Rodriguez and Ochoa reported a four-point bending test comparison between carbon-fiber and glass-fiber epoxy tubes. The composite tube specimens reported have a fixed diameter of 54.8 mm with a thickness from 2.6 mm to 3.3 mm. The dominant failure mechanism observed during the test was sub-laminate buckling followed by fracture, located in the axially compressive dies of the composite tube.
Other experimental studies have focused on enhancing the toughness and ductility of the composite riser materials. Sobrinho et al. Sobrinho et al., 2011) reported an experimental effort to enhance the toughness of the composite risers by introducing a toughening agent, rubber, into the epoxy resin which increases the elongation of the composite material but results in a compromised tensile strength and a reduced elastic modulus. For riser components and their connections, DNV-RP-F202 (Det Norske Veritas, 2009) suggests test requirements of the MCI on the design phase and after fabrication including axial, bending fatigue tests, stress rupture and external pressure tests of both the MCI and end fittings.
For fatigue, studies on composite tubes include , , (Ellyin and Martens, 2001) , where the fatigue responses of FRP composite tubes under uniaxial and bi-axial loadings and the effects of fiber orientations on the structural responses were analyzed. Soden et al. highlighted the necessity for fatigue testing using tri-axial loads. Ellyin et al. (Ellyin et al., 1997 ) developed stress-strain curves and biaxial failure envelopes for filament wound specimens. An extension of the study was done by Ellyin and Martens (Ellyin and Martens, 2001) where it is shown that optimum fiber placement in principal directions sometimes lead to weak behavior for intermediate loads and imperfections in the manufacturing process can contribute to damage initiation at the early stage and shorten the fatigue lives of composites. Mertiny et al. revealed the benefits of the multi-angle winding technology providing more resistance to damage.
With efforts to develop testing methods for full-length composite tubes, Chouchaoui and Rodriguez and Ochoa (Rodriguez and Ochoa, 2004) addressed the scaling effects of composite tubes under different loading cases taking into account various geometries, material properties and fiber orientations. However, the developed scaling methods may be applicable to small-scale tubes but have not been fully verified for large-scale specimens.
Full-scale riser testing
Salama et al. reported a research program to develop testing and qualification procedures to validate the design and long-term performance of composite production risers for a tension leg platform in the Gulf of Mexico. The testing program developed in their research efforts aims at identifying the performance limitations, failure envelopes and the manufacturing requirements for the composite production risers.
Sparks et al. reported the first mechanical testing of six highperformance composite tubes to be used as production risers for tension-leg-platforms to be used at water depths of 500 to 1000 m showing that there was an economic benefit in using composite materials for tension-leg-platforms. Salama et al. performed mechanical and fatigue tests on full-scale, 15 m length and 550 mm diameter, samples demonstrating that composite risers can be designed to satisfy all operational, environmental, and regulatory requirements. Gibson summarized research on the cost-effective use of FRPs for offshore applications over a 13-year period from 1988 to 2001. This extensive research effort covers a wide spectrum of uses for composite materials in the offshore environment including fire, blast and impact loading and durability.
Recent programs on large scale composite testing have been performed by Ramirez and Engelhardt (Ramirez and Engelhardt, 2009) in which a collapse pressure test was performed on full-scale carbon fiber-epoxy filament-wound tubes of 4.57 m long, 564 mm wide and 30.5 mm thick to determine the capacity of the composite pipes against internal pressure. The study indicates that the delamination in the wall of the composite pipe can cause a significant decrease in the pressure resistance. Other programs on large scale design and manufacturing are reported by Thomas (Thomas, 2004) where drilling and production risers were both assessed statically and for fatigue. 75 short full-scale specimens and 9 MCI joints were tested to empirically characterize strength and fatigue. The program also demonstrated that composite materials would lead to a cost reduction with minimal improvements to the manufacturing process.
Summary
A review of the literature is given in Table 4 which shows that there has been some initial experimental development in investigating the design and mechanical performance of composite risers in deepwater applications. Much of the current analysis has been drawn from experiments on generic composite materials and cylinders. Whilst this allows the general behavior of the materials to be analyzed, specific properties and behavior are still rare. Experimental work mainly focuses on the mechanical behavior of small-scale composite tubes subjected to tension, bending, and burst pressure under different environmental conditions. These developments lead to the subsequent development of guidelines on the qualification tests for composite risers in the design codes. However, full-scale tests for the composite pipes are still limited and the significance of scaling effects of risers from small scale to large scale have not been fully addressed in the literature which can reduce the associated manufacture and testing costs required for full-length risers. There is considerably less documented research related to axisymmetric loadings, such as torsion, or related to accidental type loadings, such as burst. This is compounded by the lack of available data related to in-situ behavior of current riser applications making the determination of behavior of composite risers difficult. Through this testing there is little consensus reached on the methods for testing different mechanical or thermo-mechanical conditions that replicate real riser conditions. This will be required to develop accurate testing for components of risers and is a barrier in enabling wider application of composites.
Mechanical behavior modeling
Current numerical analyses and modeling methods of composite risers originate from the studies on local mechanical behavior of composite tubes under static and fatigue loading and further developed to composite risers considering riser's components and deep water environmental effects. The review on analysis method can be categorized into three main groups covering combined loading, replication of realistic environments and fatigue.
Mechanical behavior modeling of composites under combined loading
There are various studies in literature covering mechanics and nonlinear failure analyses of composite cylinders under complicated load applications which are similar to the conditions that composite risers may undergo under deepwater condition. Most of the studies focus on realistic replication of buckling of composite cylinders under bending and combined loads. Corona and Rodrigues (Corona and Rodrigues, 1995) carried out a study on the bending response of long and thin-walled cross-ply composite cylinders including three phases: pre-buckling response, material failure by Tsai-Wu criterion, and shell-type bifurcation buckling. The bending moment-curvature behavior of the linear elastic composite tube was observed to be nonlinear due to the progressive ovalization of the cross-section, which correlates well with the reports by Brazier (Brazier, 1927) and Reissner and Weinitschke (Reissner and Weinitschke, 1962) . Buckling failure can also be considered to occur when maximum compressive stress in the structure reaches the critical stress under pure compression or when the prebuckling load significantly contributes to the bifurcation load through ovalization (Axelrad, 1965 (Axelrad, , 1987 . Higher maximum bucking load of the cylinder is to be attained if the fibers in the inner and outer layers are oriented circumferentially in an analysis without consideration of the nonlinear pre-buckling behavior (Cheng and Ugural, 1968) .
For buckling-induced delamination, Theotokoglou (Theotokoglou, 2006 ) investigated the response of Carbon/PEEK composite tubes with an internal diameter of 177 mm and thickness of 16 mm for deepwater applications subjected to external pressure. Although cylinder tubes can fail in multiple ways under combined axial-pressure loadings (Marinucci and de Andrade, 2006; Tafreshi, 2004; Wiggenraad et al., 1996) , delamination-type failure was commonly encountered in thick composite cylinders Rasheed and Tassoulas, 2001; Zhao et al., 2000) . Potential delamination of the cylinder can be annular delamination (Kachanov, 1988) , strip-type delamination and buckling of the delamination regions. In (Theotokoglou, 2006) , failed elements were removed to reflect the loss of load-carrying capability of the cylinder due to three mode cases: external pressure, thermal loading and buckling load. It is suggested that the delaminated areas may not grow under the design external pressure if no buckling occurs. When buckling is identified, a portion of the delaminated regions cannot carry load and the cylinder will fail at a pressure below the critical design pressure. However, only 2D finite element models were used and 3D finite element models are recommended to verify the results and the effects of length and depth of delamination on the calculation of buckling loads.
Mechanical behavior modeling of composite risers under deepwater environment
Based on numerical methods developed for composite materials, extensions and application of the analysis methods for FRP composite risers requires full consideration of the riser's components, the connection mechanisms and the fluid structure interaction between the structural domain of risers and the sea water domain.
To address the plasticity of liners in composite pipes, Vedvik and Gustafson (Vedvik and Gustafson, 2008) analyzed filament wound thick shells with metal liners subjected to progressive matrix cracking and plastic flow under axial loading. The developed damage models based on the minimum potential energy approach were able to simultaneously predict the progressive transverse cracking of [±55 0 ] and [±45 0 ] laminates and plastic yielding of the metal liner. Mendelson (Mendelson, 1968) employed the successive elastic solution with von Mises yield criterion for plastically modeling the liner. It was found that when both methods were applied in parallel, the equilibrium conditions and two convergence criteria must be fulfilled for every load increment. Andersen (Andersen, 1996) further coupled minimum potential energy approach based on the displacement field with the average maximum stress, average maximum strain, maximum point stress and maximum point strain criteria to effectively model progressive damage.
Recently, Sun et al. proposed a homogenization approach for stress analysis of multilayer production risers where composite risers were considered as one homogenized orthotropic layer with blended elastic properties. Stress analyses were performed under typical loading conditions of axial tension, pressure loads, bending and torsion. The stress/strain distribution of the homogenized model follows the orthotropic method presented by Lekhnitskii (Lekhnitskii, 1981) , with each layer calculated from those of the homogenized layer through the coefficient matrices. The predicted stress/strain distribution agrees favorably with solutions developed by Xia et al. or Tarn and Wang who uses a state space approach indicating that extension, torsion and pressuring interact. These deformations are uncoupled with bending of the tube. This method may be accurate for balanced angleply composite laminates but the accuracy must be investigated for composite cylinders with unbalanced angle plies. It is also noted that a number of methods can be used for determination of homogenized constants such as those based on constant stress/strain assumption for flat composites by Sun and Li (Sun and Sijian Li, 1988) and Enie and Rizzo (Enie and Rizzo, 1970) or self-consistent mechanics methods for general composites with micro-cracks by Huang et al. (Huang et al., 1993) and Huang and Hu (Huang and Hu, 1994) .
Additional efforts to account for environmental effects in the global analysis of riser's behavior include Meniconi et al. (Meniconi et al., 2001) who used hydrodynamic finite element methods to estimate the axial forces and bending moments of the hybrid carbon and glass epoxy composite risers for a tension leg platform considering different environmental loads. Progressive failure analyses of composite taper joints were also carried out and stresses at various sections of the joint were evaluated based on the thick cylinder theory. The maximum stress criterion and progressive failure approach proposed in Hinton et al. (Hinton et al., 1996) was adopted for delamination analysis of the taper joints, an initial crack was assumed and a virtual crack closure technique was applied. The results show that composite risers which satisfy design and strength requirements can weigh half as much as an equivalent steel riser. In addition, Pina et al. and Vieira et al. utilized an analytical catenary solver to perform a global analysis of bonded composite risers. Abouhamze and Shakeri (Abouhamze and Shakeri, 2007) , Larson and Hanson and carried out static finite analyses to estimate the axial force of the risers and account for the inextensibility conditions of the riser under distributed vertical load. Ramos and Pesce presented an analytical model to predict the behavior of flexible risers under complex combination of loads including bending, twisting, tension with the presence of internal and external pressure. The successful modeling of stick-slip behaviors between the riser layers allows a coupling between bending and axisymmetric loads. Whilst advocating the benefits of optimization techniques for composite risers, due to their complexity, Silva et al. showed a global-local method which was used instead of shell models, which have a prohibitively high computational cost for full riser structures. The model was based on a simplified catenary solver for the global model and classical laminate plate theory for the local model. Though it is proposed as a robust implementation environmental loads and fatigue were ignored making it unsuitable for detailed studies. Recently, Pham et al. (Pham et al., 2014) and Edmans et al. (Edmans et al., 2014) have described a sequential local-global approach for multiscale modeling of unbonded flexible risers subjected to combined loadings. RVE analyses of flexible pipes were first performed to derive nonlinear constitutive model for flexible risers based on homogenization theory and the analogy between slipping mechanisms observed in flexible pipe and the elasto-plastic behavior of materials. Global analysis or risers were then performed using hybrid beam elements and the developed constitutive model to effectively predict the response of the risers under axial loading, bending, torsion and internal and external pressures. Sun et al. propose another homogenization method for anisotropic composite cylindrical structures comparing the results to two different FEA methods, one based on multiple solid elements through the thickness and the second where the liner, the outer layer, the 20 composite layers are modeled with one through-thickness element each. The results demonstrate excellent correlation across a number of different loading conditions, axial force, internal and external pressure, axial and in-plane shear, bending moments and torsion whilst also showing that both FEM methods provide similar results. The examples showed that the material anisotropy may have significant effects on the effective axial, torsional and coupling stiffness coefficients of composite cylindrical structures but insignificant effects on the effective bending stiffness coefficient.
A key part of the riser analysis is the linkage between the global and local models. Chen et al. use the critical moments, pressures and tensions obtained from a global analysis to check the local structural strength which provides a simple and effective method of linking the global and local analysis. A similar method is utilized by Silva et al. (Silva et al., 2013) using load and amplification factors to account for pressure, bending moments and environmental loads through the tension forces of classical laminate plate theory. Pham et al. (Pham et al., 2015) described a nested multiscale method for flexible risers to concurrently link the global analysis of the flexible pipe and the RVE analysis of the local regions of interests in every load step. A linking procedure between the scales has been implemented through Python scripting and restart analyses.
Fatigue analysis
Fatigue of composites may start from the microscopic scale which involves microscopic failure in constituent fiber, matrix or fiber/matrix interface to the macroscopic scale that considers failure at structural level. Fatigue of composites significantly differs from metals since stiffness degradation can be observed early during the initial stages of fatigue and may potentially lead to major stiffness reduction during the fatigue process.
Determination of the fatigue behavior of composites at the material level is driven primarily by other industries and specific investigations into the fatigue performance of a FRP riser product remains scant. As highlighted by Ochoa and Salama (Ochoa and Salama, 2005) , the lack of experimental database for long-term damage mechanisms required by the accurate fatigue life prediction remains as one of the basic technical barriers for wide industrial applications of composite risers. A reliable S-N curve has not yet evolved for composite risers. The lack of experimental efforts on the composite risers leads to a large factor of safety (15 to 50) in the offshore design recommendations (Det Norske Veritas, 2009). The fatigue failure of a composite riser product is evidently a complex process, involving multiple failure mechanisms. Huybrechts (Huybrechts, 2002) highlighted that the design of the CFRP composite riser should ensure that the fatigue failure is determined predominantly by the fiber-failure to ensure a long lifetime of the riser. The fatigue design procedure outlined in the design guideline thus follows primarily the approach developed for wind turbine blades (Echtermeyer et al., 1996) , of which the fatigue failure mechanism remains mainly the fiber failure. The high uncertainties in the DNV guidelines, as reflected by the large factors of safety, derive essentially from the Miner's rule, which does not provide a satisfactory description of the fatigue performance of composite materials, as demonstrated by experimental investigations (Broutman and Sahu, 1972) . The development of a comprehensive fatigue design procedure requires extensive experimental data for composite riser prototypes fabricated following the exact procedure as that for commercial products. Some research, led by industrial companies (Cederberg, 2011; Huybrechts, 2002) , have started fatigue tests on composite riser specimens. However, no detailed results are available in public literature.
Summary
Overall, research on composite pipes over the last few decades has covered the buckling responses and possible delamination-type failures in composites due to bending, compression or combined axial-bending loadings which can be representative of complicated loading conditions that composite risers are subject to. Table 5 highlights numerical methods for composite risers and it is possible to see that the modelling is often performed at a simple and analytical level. As highlighted the environmental conditions for risers lead to a complex interaction of loads but there are limited investigations into composite risers under realistic deepwater conditions fully considering the interaction effects between different mechanical and environmental loads. Further developments on effective numerical models of composite risers subject to mimicked deepwater environment are crucial. It is suggested that efficient multiscale approaches with consistent scale bridging methods may be used to allow for prediction of both global response of risers under realistic deep sea environment and local responses of riser structures and their components. It has also been shown that long-term fatigue database for composite risers are not fully available in the literature. Finally, an important element in the determination of safety is stochastic approaches and Thomas (Thomas, 2004) has shown the benefits of a reliability based approach for risers. A review of the literature pertaining to the generation of safety factors for composite risers shows no freely available studies have been performed. Studies into the reliability of composite risers in deepwater will provide an important step in increasing the safety associated with riser design.
Conclusion
With the growing importance of deep-water exploitation there is an increasing benefit in deploying composite risers. There is currently no state of the art review focusing on the design, manufacture and associated mechanics of composite materials in risers, this article aims to provide such a review. The most notable barriers that hinder the application of composite risers to its full potential are (i) manufacturing techniques and infrastructure to cost-effectively produce long tubular composite structures (ii) a lack of full-scale and in-situ results for verification and certification, thus resulting in a requirement for material properties to assess long term damage and (iii) modelling that takes into account the interaction of the wide range of loads that risers see in-situ and stochastic analysis techniques to help reduce the large safety factors in the currently available design standards. The review shows that the predicted benefits of using composite materials for risers are large with potential weight savings, decreased costs and increased structural strengths. Reviews on experimental studies signify the importance of multiscale level testing of composite risers including the scaling effects to bring the research testing close to practical applications. In addition, effective numerical approaches accounting for fluid-structure interaction are essential for better predicting the response of composite risers under harsh deep sea environment. Reliability and fatigue studies of composite risers are limited, it is recommended that further research in these fields are crucial to ensure expanded utilization of composite risers in deepwater applications. 
